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Abstract

we report controlled fractal growth of atomically thin transition metal dichalcogenides (TMDCs) 
by chemical vapor deposition, with morphological evolution from dendritic to triangular. Several 
important growth parameters controlling the fractal dimensions were identified, including the 
relaxation rate, adhesion coefficient, diffusion anisotropy and growth time. A model based on 
nucleation, diffusion limited aggregation and relaxation was proposed to explain the 
morphological evolution.  The results of the computational simulation based on this model are in 
good agreement with the experimental results. Our study sheds light on the growth mechanism of 
TMDCs and paves the way for growth of TMDCs with improved controllability. 
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INTRODUCTION

TMDCs, in which transition metal atoms are sandwiched between two layers of chalcogen atoms, 
possess good carrier mobility, transition from indirect bandgap to direct bandgap upon layer 
number shrinking, excellent flexibility and transparency. They have attracted significant 
attention because of their promising prospects for flexible, lightweight and low-power 
electronics and photonics applications.1-5 The planar van der Waals structure bestows the 
possibility to stack the layers to form heterostructures with greatly enhanced functionalites.6-9  
Besides, in monolayer TMDCs, the large spin-orbital coupling (SOC) and inversion-symmetry 
breaking render them two spin-locked valley states in the electronic bands, accessible by 
circularly polarized light.10-13 This valley degree of freedom in TMDCs is appealing for both 
fundamental physics and applications in information processing.10, 14

Various proposed applications of TMDCs require good attainability of atomically thin layers 
with controlled thickness and morphology. For example, for many device applications, uniform, 
large area single crystal monolayers are needed. On the other hand, fractal TMDCs with large 
number of exposed edge sites can be highly active for catalytic applications.15 Synthesis with 
accurate control of morphology thus becomes a key research direction in the area of TMDCs. 
Due to its simplicity, scalability and low cost, chemical vapor deposition (CVD) is one of the 
most commonly used approaches for the growth of atomically thin TMDCs.16 Extensive efforts 
have been devoted to the CVD growth and shape evolution of TMDCs. For example, Liu et al. 
studied the effect of varying temperature and growth duration on the flake shape, suggesting that 
higher temperatures change the shape from triangles into hexagons.17 Wang et al. used four Si 
substrates in a queue in CVD to study the shape evolution of  monolayer MoS2 crystals. They 
found transformation of shape from triangles to hexagons then back to triangles along the gas 
flow direction, which they attribute to deficiency of Mo or S that lead to different growth rate of 
Mo and S terminations. 18 Cain et al. utilized high-resolution scanning transmission electron 
microscopy (STEM) and X-ray energy dispersive spectroscopy (EDS) mapping to reveal that the 
nuclei in CVD growth are oxi-chalcogenide/TMDC core-shell nanoparticles.19 Understanding 
growth mechanisms is the key for improving controllability and quality of CVD grown TMDCs.1 
For example, Rajan et al. applied the Kinetic Monte Carlo (KMC) method with a terrace-ledge-
kink model, assuming the surface to be a terrace with unsaturated bonds.18, 20 Nie et al. used 
KMC to study the morphology with respect to temperature, and chalcogen/metal stoichiometry.21  
However, the evolution of morphologies, and factors governing the morphologies such as 
monomer adhesion, cooling rate and diffusion anisotropy remain to be fully elucidated and 
tightly connected to experiments.1 In particular, most previous publications focus on regular-
shaped TMDCs such as triangles and hexagons, while there are scarce reports of fractal growth. 

In this work, we use WS2 as an example to systematically study the controlling factors governing 
the morphological evolution from dendrites to triangles during the growth of atomically thin 
TMDCs. Based on observations of changes in morphologies as a function of growth parameters 
including cooling rate, growth time, we propose a physical picture of the growth involving 
nucleation, diffusion limited aggregation (DLA) and relaxation. Computational simulation based 
on the model reproduces experimental results. We further verify the model by growing large area 
triangles by judicious control of the relaxation process. The ability to produce TMDC atomic 
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layers with controlled fractal dimension can enable further applications of the fractal TMDCs 
materials, such as catalysis and sensing. 

RESULTS AND DISCUSSION

Experimental results

We carried out CVD growth in the set-up illustrated in Figure S1. We employed CS2 carried by 
argon gas as the sulfur source, instead of the S powder in conventional CVD synthesis. The 
temperature profile was set as follows: it was first increased to the growth temperature of  920 ℃ 
at a ramping rate of 27℃/min; the temperature was kept at 920 ℃ for 10 min. After the 10 min 

growth, the furnace was cooled down at various cooling rates from 5 to 100 ℃/min. A sapphire 
substrate was placed upside down on a graphite boat, which contains the WO3 powder. Note the 
utilization of CS2 as S source for the growth of atomically thin TMDCs flakes has not been 
reported, as far as we know. Replacing S by CS2 makes it easier to control the sulfurization 
process, by switching on and off the S source on demand. One can control the supply of the S 
source precisely as the desired growth temperature is reached, so that the crystallinity of the 
TMDCs can be controlled. It is also more accurate to control the S partial pressure by controlling 
the flow rate of the gas carrying the CS2; while in conventional synthesis, the S partial pressure is 
controlled by S evaporation temperature and small variations in temperature can lead to large 
fluctuations in S concentration.  It is found that cooling rate strongly influences the morphology 
of the grown atomically thin TMDCs. Figure 1 are the optical microscope images showing 
morphological evolution of the TMDCs grown at different cooling rate. The fastest cooling rate 
in Figure 1a is 100 ℃/min in the temperature range of 900 ℃-600 ℃, obtained by opening the lid 
of the furnace immediately after heating. With this process, the as-grown morphology of the 
sample is frozen. As seen in Figure 1a, highly dendritic features, involving branches with self-
similarity, are observed.  For a slow cooling rate of 5℃/min, on the other hand, the morphology 

Figure 1. The optical microscope images of atomically thin WS2 grown at different cooling rate with 
otherwise identical conditions (labeled on the top-left of each figure). The cooling rate of 100℃/min (a) 
was obtained by opening the lid of the furnace immediately after finishing heating. The cooling rate of 
25 ℃/min (b) was by cooling down naturally with the lid closed. The cooling rate of 10 ℃/min (c) and 

5 ℃ /min (d) was set by the temperature controller. The fractal dimensions are labeled underneath the 
images. All scale bars are 50 μm. All other experimental conditions are described explicitly in the 
Methods section.
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turns into regular triangles, with sharp edges (Figure 1(d)). For intermediate cooling rates, the 
morphologies are somewhere in between the dendrites and triangles. To quantify the 
morphological evolution, we calculated the fractal dimensions D using the box counting method. 
Briefly, using different sized boxes to cover the feature, D is defined as , where 𝐷 ― lim

log (𝜀)→0

log N(𝜀)
log (𝜀)  

 is the side length of the boxes and N( ) is the number of boxes required to cover the feature.22 𝜀 𝜀
Fractal dimension is a quantitative measure of the space filling capability of  a pattern, which is 1 
for a straight line and 2 for a square (Figure S2). D is found to be 1.71 for the sample in Figure 
1a, and increases monotonically with decreasing cooling rate. D is found to be 1.92 for the 
cooling rate of 5 ℃/min, which is close to two-dimensional. This can be understood as follows: 
the triangular shape is the most thermodynamically stable morphology of atomically thin 
TMDCs, determined by the directionality of chemical bonding and interactions of the orbitals of 
the hexagonal lattice.23 During a CVD growth processes, the availability of W and S precursors 
is hardly stoichiometric. Because of faster growth rate of either W-terminated zigzag edge or S-
terminated zigzag edge due to deficiency of one of the elements, the most frequently observed 
thermodynamically stable shape is triangular instead of hexagonal.18 Previous work has shown 
that at the growth temperature of 600 to 700 ℃, the atoms can diffuse by large distances up to 
many microns in the growth of MoS2.24A slower cooling rate would allow the atoms to diffuse 
more freely to find their equilibrium position. Thus, it will favor formation of 
thermodynamically equilibrium shape.  

To investigate the morphological evolution at different stages of growth, optical microscope 
images were taken for samples with different growth time. The cooling rate were kept at 

100 ℃/min. Figure 2 shows the morphological evolution at different growth stages. It can be 
seen that with increasing growth time, the size of the fractal features increased and the fractal 
dimension monotonically increased. Raman and photoluminescence (PL) spectral characteristics 
in Figures S3 and S4, SI show that the features in the early stage (Figure 2a, 2b) are monolayer 
WS2. The fractal dimension D is found to be 1.09 for the growth time of 1 min (Figure 2a), and 
increases with increasing growth time. D is found to increase to 1.74 for the growth time of 20 
mins, as shown in Figure 2d. 

Figure 2. Optical microscope images showing morphological evolution as a function of growth time. 
The duration is labeled in the top-left corner. The fractal dimensions are labeled at the bottom. Scale-
bars are all 10μm.

Page 4 of 14Nanoscale



5

Physical picture of the growth dynamics 

Based on the empirical observations described above, we propose a physical picture of the 
growth dynamics, shown schematically in Figure 3a: First, nucleation sites are formed randomly 
on the substrate. Second, the growth of nuclei undergoes a diffusion limited aggregation (DLA) 
process: 25 With a monomer serving as the nucleation center, another monomer is launched and 
diffuses on the surface, which can be described by random walk; after the incoming monomer 
colliding with an existing structure, it adheres to become part of the aggregate. Continued 
diffusion and adhesion forms dendritic/fractal structure. On the other hand, the most 
thermodynamically stable morphology of monolayer TMDCs is triangular. The morphological 
evolution from fractals to triangles suggests that there is a competition between the DLA growth 

Figure 3. (a) The schematic displays the physical picture of the CVD growth process: nucleation, 
diffusion limited aggregation which competes with thermodynamic growth; (b) The simulation results 
using the DLA algorithm, displaying evolution with different seed numbers (1, 10) and step numbers (2 
to . The number at the lower-right corner in each frame indicates the fractal dimension of the  30 × 108)
dendritic structure in the frame. (c) The shape evolution from a fractal to a more regular shape after the 
following algorithm is executed for 1000 times: the fractal with 100 pixels was formed in the hexagonal 
lattice by the DLA algorithm, the monomers with 1 or 2 nearest neighbor numbers (NNN) then desorb 
from the existing structure, diffuse and readsorb to sites with larger NNN. 
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and the thermodynamic growth.23  Finally, during the slow cooling process upon which the 
supply of precursors was cut off, the as-grown dendritic structure undergoes a relaxation process, 
in which the shape morphs into the most thermodynamically stable triangles.  

To confirm the proposed physical picture, we carried out computational simulations, based on 
the DLA algorithm. For the algorithm,26 we set up a stochastic routine to simulate the growth 
dynamics in Matlab: first, a nucleation center was set at the origin of the coordinate, then a 
random walker was launched (WS2 monomer) at a random position and allowed to diffuse 
randomly until it is in contact with the previously formed structure.25 It then adhered to the 
existing structure with a preset probability, parameterized as the adhesion coefficient. Once it got 
stuck, another walker was launched and proceeded until it encountered the existing structure (for 
details, see Methods).  Note that at the growth temperature, the length scale of the diffusion on 
the substrate is much larger than the atomic bonding spacing, and the diffusion can be regarded 
as from any direction. For simplicity, we had not taken into account the crystal symmetry, and 
instead focused on the growth kinetics. To study the morphological evolution, we simulated the 
growth with different number of random walk steps, representing different growth time as they 
are proportional to each other. Figure 3a is a schematic of the growth process. Initially, the 
nucleation sites are created by adsorption of small number of monomers. Second, the monomers 
diffuse on the surface of the substrates and are assembled by the diffusion limited aggregation, 
which competes with the thermodynamic growth that favors more regular shape. The fractal 
dimension increases and gets closer to that of a 2D planar object. This is because the monomers 
that go deep into the dendrites have increased probability to stick after multiple collisions. While 
those at the outer boundaries have more tendency to desorb since the direction of diffusion is 
random, which decreases the chance of second collision. Finally, after the cease of the supply of 
the precursor and as the temperature is lowered, the as-grown structure undergoes a relaxation 
process, in which it evolves into the thermodynamically more stable shape. Figure 3b shows the 
simulation results with different seed numbers (1 and 10) and step numbers ( to , in 2  30 × 108)
which the relaxation was not considered. As can be seen from Figure 3b, with increasing step 
number, the size of the structure clearly increases.  In Fig. 3c, the simulation of the relaxation 
process was also conducted. The originally stuck monomers with fewer nearest neighbor 
numbers (1 or 2, vertex sites or edge sites) in the fractal were allowed to desorb, diffuse and then 
readsorb. As a result, they tend to adhere to sites with larger nearest neighbor numbers in the 
hexagonal lattice. This larger bonding number lowers the system energy. Fig. 3c shows clearly 
that after the relaxation, the morphology evolves to be more regular and compact, with increased 
fractal dimension from 1.62 to 1.93.
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Figure 4 shows the fractal dimension as a function of growth time, where the experimental data 
are shown as red dots and simulation results are black crosses (the seed number is 10). It can be 
seen that the experimental data are in good agreement with the simulation results. In the 
simulation, the fractal dimension approaches 2 at long time. However, the experimental data 
show a leveling-off to ~1.86.  The deviation of experimental data from simulation results at t= 60 
min is likely due to the tendency of 3D growth in experiments, which was not considered in the 
simulation in Fig. 4. In a real growth process, the excess monomers can stick to the top of the 
layer, rather than sticking only in the two-dimensional plane. Thus, continued supply of 
precursor will usually lead to overgrowth. In order to achieve large area monolayer growth with 
uniform shape and higher fractal dimension, judicious control of the relaxation process may be 
needed; this will be discussed towards the end of the paper. Moreover, Figure S5a shows the 
simulation results with different seed numbers (1, 5, 50) and adhesion coefficients (1, 0.1, 0.01, 
0.001, 0.0001), the parameter of probability of sticking of monomers in a collision event. As 
seen from figure S5a, with high adhesion coefficients, the morphology shows strong dendritic 
features with smaller fractal dimensions. When the adhesion coefficient decreases, the 
aggregates become more and more compact, and the fractal dimension increases. In Figure S7, in 
the simulation conducted in the hexagonal lattice, it clearly shows the same trend that as the 
adhesion coefficient decreases, the fractal dimension increases. It can be rationalized as 
following: as the adhesion coefficient decreases, the number of collisions it takes for a monomer 
to stick increases. As the collision is isotropic in all directions, the shape becomes more isotropic 
and compact. 

The gas-flow induced diffusion anisotropy was considered in the simulation as well. A higher 
probability of 0.3 walking to the right was assigned to the DLA simulation, representing the gas 
flow direction. A lower probability 0.2 to the left was set as against the gas flow direction. The 

Figure 4. The time dependence of the fractal dimension, comparing the experimental data with the 
simulation results in the case of seed number =10 in Figure 3b. Simulation result for 1 hour’s 
growth is shown in Figure S6.
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results (Figure S5b) show anisotropy in the growth, with bloom-like dendrites. Indeed, the 
bloom-like dendrites were found experimentally, when the flow rate of the carrier gas was 
increased to 60 sccm from 20 sccm (Figure S5c). 

These simulation results indicate important controlling factors governing the morphology of 
CVD grown monolayer TMDCs: adhesion coefficients, diffusion anisotropy, seed number and 
growth duration. To obtain dendritic shape, preferred for catalytic applications, substrates with 
higher adhesion coefficient or that with pre-deposited seeds should be used. To grow more 
compact shape instead, substrates with lower adhesion coefficient and smooth surface free of 
debris should be used. Moreover, larger size and higher fractal dimension are induced by longer 
growth duration. 

Raman spectroscopy as a quantitative measure of fractal dimensions

Figure 5. (a) An AFM image of WS2 showing dendritic features. The scale bar is 5 μm.  (b) An SEM 
image of WS2 with dendritic features. The scale bar is 2 μm. (c) A Raman spectrum of a fractal 
monolayer. Inset shows the position where the Raman spectrum was measured. (d) Correlation of E2g 
peak position (left axis for the red circles) and A1g peak position (right axis for the blue triangles) with 
the fractal dimension (the Raman spectra are in Figure S9).
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We employed atomic force microscopy (AFM), scanning electron microscopy (SEM) and 
Raman spectroscopy to further characterize the fractal features of monolayer WS2. The AFM 
morphological image (Figure 5a) and the scanning electron microscope (SEM) images (Figure 
5b) show branched, self-similar characteristics of the dendritic feature and also the fractal edges. 
Figure 5c shows a typical Raman spectrum of a monolayer WS2 with fractal features. It is found 
that the A1g and E2g modes appear at 354 and 419 cm-1, with a wavenumber difference of 65 cm-1, 
revealing its monolayer thickness.27-28 

Figure S8, SI shows the Raman intensity map of a dendrite at two peaks: 354, 419 cm-1, 
suggesting relative uniformity. The peak positions of the E2g and A1g, are plotted as a function of 
fractal dimension in Figure 5d. The frequency of the E2g peak increases approximately linearly 
with increasing fractal dimension. On the other hand, the A1g peak positions are nearly 
dimension independent. This interesting observation can be understood as follows: comparing to 
monolayer triangles, the dendritic features on average will have fewer nearest neighbor atoms. 
This should lead to softening of the in-pane E2g vibration mode. The lower the fractal dimension, 
the higher the missing nearest neighbor number, and thus the larger the shift towards lower 
frequencies. On the other hand, the out-of-plane A1g mode should be less affected by the nearest 
neighbor numbers. Therefore, the position of the E2g peak can be used as a quantitative measure 
of the fractal dimension of TMDCs monolayers.  

Growth of large area TMDCs by controlling the relaxation process

Large area monolayer TMDCs allows parallel fabrication of devices by photolithography, and 
therefore are highly desirable. While large area samples can be obtained by longer growth time, 

significant overgrowth may occur. Figure 6a shows the result of WS2 with a total growth time of 

Figure 6. (a) The optical microscopic images of typical flakes with a total growth time of 25 mins; (b) 
The optical microscopic images of typical flakes of growth incorporating a relaxation process. The CS2 
flow was cut off after 10 mins ’ growth. After the furnace was cooled down naturally to 500℃, it was 
heated up again to the growth temperature. The CS2 flow was turned back on for an additional growth of 
15 mins. (c) The Raman spectrum taken on a single flake in (b). The scale bars are all 50μm.

Page 9 of 14 Nanoscale



10

25 mins with constant flow of CS2 (detailed conditions are described in the Methods). With 
prolonged growth time, it can be seen that significant overgrowth occurred. Based on the 
physical model we proposed, we design an experiment to address the overgrowth problem and 
obtain large area monolayers of WS2. In this approach, we inserted an intermediate relaxation 
step in between two consecutive growth steps. The procedure is as follows: After 10 min of 
growth at 920 C, the CS2 flow was cut off. The temperature was naturally cooled down to 
500 ℃. As explained above, slow cooling can help the monomers to diffuse to its most 
thermodynamically stable sites, and favors the growth of regular shaped monolayer TMDCs. The 
temperature was then raised to the growth temperature of 920 C, at which time the CS2 flow 
was turned back on. The growth continues for another 15 mins, after which the sample was 
cooled at a rate of 5 ℃/min for 10 mins. Finally, the furnace was cooled down naturally to the 
room temperature. Figure 6b shows the morphology of the samples grown by the new procedure. 
While in the one step growth, the typical flake size was around 170-180 µm (Figure 6a); the 
flake size of the sample grown by inserting a relaxation step was noticeably larger, reaching 200-
300 m (Figure 6b). More importantly, the surface of the flakes is cleaner, with significantly less 
multilayer overgrowth. The Raman spectrum as shown in Fig. 6c revealed that the flakes are 
monolayer WS2. These results validate the physical picture we proposed. 

CONCLUSION

In conclusion, we conducted experimental and computational investigations on the controlled 
fractal growth of monolayer WS2. CS2 was used as the S source in the growth to yield better 
controllability. By observing growth morphology under different relaxation rates and growth 
time, we propose a physical picture of the growth mechanism: it undergoes three stages, namely 
nucleation, diffusion limited aggregation and relaxation. Computer simulation based on DLA 
algorithm confirmed the proposed model, and further pointed out additional factors affecting the 
morphology including seed number, adhesion coefficients and diffusion anisotropy. The E2g 
mode of the Raman spectrum was used to quantify the fractal dimension. On the basis of the 
physical model, we judiciously controlled the relaxation process, and achieved large-scale flakes 
beneficial for device applications.
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METHODS

CVD synthesis of WS2:

The sapphire substrates were cleaned in acetone for 10mins and then rinsed by ethanol, followed 
by air blow drying. In a typical growth, 3mg WO3 powder was loaded into a graphite boat. The 
substrate was supported on the graphite boat, facing downward. The boat and the substrate were 
placed in the center of the quartz tube. The temperature profile was programmed as follows: 
initially the quartz tube was flushed with the argon gas by 10 minutes, at the temperature of 
100℃. The quartz tube was then heated to 920℃, with a ramping rate of 27℃/min. Next, the CS2 
carried by argon gas was introduced at a flow rate of 20 sccm. The reaction took place at 920℃ 
for 10 mins. At the end of the growth, the CS2 was turned off and system was flushed by argon 
gas again. The cooling rate ranged from 5 to 100 ℃/min.  The fastest cooling rate were achieved 
by opening the lid immediately following the growth. 

DLA algorithm details:

Simulation method in Figure 3b, Figure 4 and Figure S5: Initially, a lattice of 500 500 was set. ×
Next, for the seed number of 1, one nucleation center was settled at the center of the frame; while 
for the seed number of 10, ten seeds were settled randomly in the box of 100 100 at the center ×
of the frame. A random walker monomer was then launched from a random unoccupied position. 
Afterwards, it started random walk in four directions: up, down, left and right, with equal 
probability of 0.25. If this monomer moved out of the frame boundary, a new “walker” was 
launched. If the walker got in contact with the existing structure, it adhered to the existing 
structure by a pre-defined probability as adhesion coefficient; otherwise, the monomer kept 
moving. The aforementioned procedure was repeated until the number of steps reached the preset 
value. For the simulation of anisotropic diffusion, the probability of moving along the gas flow 
direction was set as 0.3; meanwhile, the probability going in the opposite direction of the gas 
flow was set as 0.2. The probabilities of going up and down were both 0.25. 
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